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Well after formation of the primary linear heart tube, the mesenchymal cardiac septa become largely myocardial, and
myocardial sleeves are formed along the caval and pulmonary veins. This second wave of myocardium formation can be
envisioned to be the result of recruitment of cardiomyocytes by differentiation from flanking mesenchyme and/or by
migration from existing myocardium (myocardialization). As a first step to elucidate the underlying mechanism, we studied
in chicken heart development the formation of myocardial cells within intra- and extracardiac mesenchymal structures. We
show that the second wave of myocardium formation proceeds in a caudal-to-cranial gradient in vivo. At the venous pole,
loosely arranged networks of cardiomyocytes are observed in the dorsal mesocardium from H/H19 onward, in the
atrioventricular cushion region from H/H26 onward, and in the proximal outflow tract (conus) from H/H29 onward. The
process is completed at H/H stage 43. Subsequently, we determined the potential of the different cardiac compartments to
form myocardial networks in a 3D in vitro culture assay. This analysis showed that the competency to form myocardial
networks in vitro is a characteristic of the myocardium that is flanked by intra- or extracardiac mesenchyme, i.e., the inflow
ract, atrioventricular canal, and outflow tract. These cardiac compartments can be induced to form myocardial networks
y a temporally released or secreted signal that is similar throughout the entire heart. Atrial and ventricular compartments
re not competent and do not produce the inducer. Moreover, cardiac cushion mesenchyme was found to be able to
trans-)differentiate into cardiomyocytes in the in vitro culture assay. The combined observations suggest that a common
echanism and molecular regulatory pathway underlies the recruitment of mesodermal cells into the cardiogenic lineage
uring this second wave of myocardium formation through the entire heart. © 2001 Academic Press
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The linear heart tube is formed by fusion of the paired
mesodermal heart fields. This tube consists of two concen-
tric layers of cells, the outer layer being myocardium and
the inner layer endocardium that are separated by cardiac
jelly (de Jong et al., 1997). During cardiac looping, atrial and
ventricular working myocardium are formed by local differ-
entiation and proliferation of the myocardium at the outer
curvature (Christoffels et al., 2000; Moorman et al., 2000a).
Subsequently, the heart becomes septated by fusion of
1 To whom correspondence should be addressed at Department
of Anatomy and Embryologie, Meibergdreef 15, 1105 AZ Amster-idam. Fax: 131 20 6976177. E-mail: M.J.vandenHoff@amc.uva.nl.
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All rights of reproduction in any form reserved.ndocardial cushion-derived mesenchyme, the mesenchy-
al cap of the primary atrial septum, and the muscular
trial and ventricular septa (Moorman and Lamers, 1999;
essels et al., 1996, 2000). These mesenchymal septa
ecome largely myocardial in later stages of development
de Jong et al., 1997; Mjaatvedt et al., 1999; Moorman et al.,
000b). Thus, the formation of myocardial cells within
esenchyme constitutes a wave of myocardium formation,
o be distinguished from the primary myocardium that has
irectly formed from the mesodermal heart fields. Three
echanisms, i.e., myocardialization, recruitment, or a
ombination of both, can be envisioned to underlie the
econd wave of myocardium formation. The second wave of
yocardium formation is not limited to the cardiac cush-ons, but also observed at the distal ends of the heart tube,
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62 van den Hoff et al.resulting in the elongation of the tube in the anterior–
posterior axis (Vira´gh and Challice, 1973; De la Cruz et al.,
1977; De la Cruz and Sanchez-Gomez, 1999). We dub this
form of myocardium formation “recruitment,” to discrimi-
nate it from cardiomyogenesis of the paired mesodermal
heart fields, and from myocardialization.
Myocardialization denotes the process whereby cardio-
myocytes migrate into the mesenchyme of endocardial
cushions (van den Hoff et al., 1999). The cardiomyocytes
migrating into the cushions seem to take origin from
existing myocardium that faces the cardiac cushion mesen-
chyme. This is based on the morphological observations
that cardiomyocytes appear to detach from existing myo-
cardium. Direct evidence is, however, limited. In vivo
studies by De la Cruz and colleagues showed that beads
inserted into the myocardium of the inner curvature ended
up in the parietal (dorsodextral) ridge of the proximal
outflow tract (conus) (De la Cruz et al., 1977; De la Cruz
and Sanchez-Gomez, 1999). If true, then the process of
myocardialization is not a differentiative process whereby
mesenchymal cells differentiate into cardiac muscle cells
but rather a dynamic repositioning process whereby exist-
ing primary myocardial cells actively migrate into spaces
occupied by mesenchyme. Based on the morphological
similarities between the formation of myocardium in the
outflow tract (OFT)2 and atrioventricular canal (AVC) cush-
ons, myocardialization has also been suggested to underlie
he formation of the myocardial AVC septum and tricuspid
alve (Lamers et al., 1995; De la Cruz and Sanchez-Gomez,
1999; Kim et al., 2001). Myocardialization shows interspe-
cies differences, being much more extensive in avian than
in mammalian hearts. (Lamers et al., 1995; van den Hoff et
al., 1999; Moorman et al., 2000b; de Jong et al., 1997; Kim
et al., 2001).
Previously, we described in detail the role of myocardial-
ization in the formation of the muscular outlet septum (van
den Hoff et al., 1999). Aberrant myocardialization of the
FT has been observed in several animal models of cardiac
ysmorphogenesis in which involvement of cardiac neural
rest cells is implicated [e.g., ablation (Kirby, 1999), TGFb2
KO (Sanford et al., 1997), Ts16 (Waller et al., 2000), NF1 KO
(Brannan et al., 1994)]. This might suggest a role of cardiac
neural crest cells in the process of myocardialization. If so,
a different mechanism has to be proposed to underlie the
2 Abbreviations used: AA, atrial appendages; A, atrium; av,
zygous vein; avs, atrioventricular septum; AVC, atrioventricular
anal; BSA, bovine serum albumin; cv, caval vein; dc, dorsal AVC
ushion; dm, dorsal mesocardium; dmp, dorsal mesocardial protru-
ion; EBSS, Earle’s Balanced Salt Solution; endo, endocardium;
/H, Hamburger and Hamilton stages; ias, interatrial septum; ivs,
nterventricular septum; LA, left atrium; Li, liver; llc, left lateral
VC cushion; LV, left ventricle; mv, mitral valve; OFT, outflow
ract; PBS, phosphate buffered saline; PE, proepicardial organ; pv,
ulmonary vein; RA, right atrium; rlc, right lateral AVC cushion;
V, right ventricle; saf, sinu-atrial fold; sp, spina vesitbuli; SV,
inus venosus; tv, tricuspid valve; V, ventricle; vc, ventral AVCAushion; VP, venous pole; vv, venous valve.
Copyright © 2001 by Academic Press. All rightformation of myocardium in the inflow tract and the
atrioventricular canal regions, as in the latter areas the
“neural” contribution is very limited (Kirby, 1999; Poel-
mann and Gittenberger-de Groot, 1999; Sohal et al., 1999).
Altering the load of the embryonic chicken heart by
banding the OFT does not only lead to alterations in the
ventricular component of the heart, but also in alterations
in the atrioventricular junction (Sedmera et al., 1999).
nterestingly, whereas the myocardial AVC septum had
ormed normally, the tricuspid valve had not become myo-
ardial but had remained mesenchymal. This finding sug-
ests that both myocardialization and recruitment are op-
rational during the development of atrioventricular
unction of which one is predominantly operational in the
ormation of myocardium in the valve and the other in the
ormation of the muscular AVC septum.
In view of the above-mentioned observations and consid-
rations we have extended our studies to the AVC and the
enous pole (VP) of the heart. In this study, we morphologi-
ally describe the second wave of myocardium formation in
he AVC and VP which complements our description of this
rocess in the OFT (van den Hoff et al., 1999). Using an in
itro explant culture system, we show that AVC and VP
xplants have a stage-dependent potential to spontaneously
orm myocardial networks in culture. We show that cush-
on mesenchyme, which is devoid of flanking myocardium,
an be induced to differentiate into myocytes, when cocul-
ured with an explant that is able to spontaneously form
yocardial networks in vitro. From these observations, we
onclude that recruitment of mesenchymal cells into the
yocardial lineage might contribute to the second wave of
yocardium formation in the heart. Finally, we show that
onditioned media prepared from VP, AVC, and OFT ex-
lants, cultures that spontaneously form myocardial net-
orks in vitro, were found to induce myocardial network
ormation of early OFTs that under standard conditions do
ot spontaneously form myocardial networks in vitro.
hese results suggest that a similar signaling pathway is
perational throughout the entire heart, regulating the
econd wave of myocardium formation.
MATERIALS AND METHODS
Chicken Embryos
Fertilized chicken eggs were obtained from a local hatchery
(Drost BV, Nieuw Loosdrecht, the Netherlands), incubated at 37°C
in a moist atmosphere, and automatically turned every hour. After
the appropriate incubation times, embryos were isolated and staged
according to Hamburger and Hamilton (1951).
Immunohistochemistry
Embryos were fixed in ice-cold Modified Amsterdam’s Fixative
(40% methanol:40% acetone:20% water) for 4 h, dehydrated in a
graded alcohol series, and embedded in paraplast. Serial 7-mm
ections were prepared and mounted onto polylysine-coated slides.
fter deparafinization and hydration in a graded alcohol series,
s of reproduction in any form reserved.
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63The Second Wave of Myocardium Formationendogenous peroxidase activity was blocked by using 3% H2O2 in
hosphate buffered saline (PBS: 150 mmol/L NaCl and 10 mmol/L
odium phosphate, pH 7.4). Following a pretreatment for 30 min in
ENG-T (10 mmol/L Tris, 5 mmol/L EDTA, 150 mmol/L NaCl,
.25% (w/v) gelatin, and 0.05% (v/v) Tween 20, pH 8.0) to reduce
onspecific binding, the sections were incubated overnight with
F20, a mouse monoclonal antibody specific to myosin heavy
hain (Hybridomabank, Iowa City, IA). Antibody binding was
isualized by using the indirect unconjugated peroxidase–
ntiperoxidase technique as described previously (Sternberger,
986).
Scanning Electron Microscopy
Hearts were fixed in 2% paraformaldehyde and 3% glutaralde-
hyde dissolved in 0.1 mol/L sodium cacodylate. After an overnight
fixation, they were dehydrated in a graded alcohol series. After
critical-point drying in liquid CO2, the specimens were sputter-
coated with gold and studied by using the scanning electron
microscope Cambridge N2A.
In Vitro Explant Culture System
In vitro explant assays were performed according to the proce-
ure previously described (van den Hoff et al., 1999). In short, the
day prior to use, rat 1.5 mg/ml tail collagen type I gels (Collabora-
tive Research Inc.) in M199 culture medium (Life Technologies)
were prepared in the wells of 4- or 24-well NUNC plates. After
polymerization, the gels were equilibrated in complete M199
medium [M199 culture medium (Life Technologies) supplemented
with penicillin/streptomycin (pen/strep, Life Technologies), 1%
chicken serum (Life Technologies), 5 mg/ml insulin, 5 mg/ml
transferrin, and 5 ng/ml selenium (ITS, Collaborative Research
Inc.)].
Embryonic chicken hearts were isolated under sterile conditions
in filter-sterilized Earle’s Balanced Salt Solution (EBBS, Life Tech-
nologies). The cardiac regions of interest were isolated, positioned
on top of the drained collagen gel, and allowed to attach to the gel
for at least 4 h, prior to the addition of complete medium M199 or
of medium that was conditioned for 1 week with the respective
cardiac explants. After a culture period of 5 days (37°C, 5% CO2),
the gels containing the explant(s) were rinsed with PBS and fixed in
ethanol at room temperature. Next, the gels were hydrated in a
graded ethanol series and incubated with MF20. After extensive
washing, the gels were incubated in FITC-labeled rabbit anti mouse
serum (Nordic). Prior to analysis by confocal laser scanning micros-
copy (Biorad MRC1024), the gels were extensively washed and
mounted in a solution of PBS, glycerol (50% v/v), and 50 mg/ml
sodium azide.
The extent of myocardial network formation was scored on an
arbitrary scale, with scores ranging from 0 to 4, using the following
criteria. A score of “0” was assigned to explants of which the border
was smooth and no myocardial projections could be observed.
When the edge of the explant was rough, containing only a few
small myocardial protrusions (“spikes”) on the surface of the
collagen matrix, the explants were given a score of “1.” When the
myocardial protrusions consisted of isolated groups of ramifying
myocardial cells, the explants received the score of “2.” A score of
“3” was assigned to explants in which the ramifying myocardial
protrusion had locally formed a myocardial 3-D network into the
collagen matrix. Finally, a score of “4” was given to explants which
showed extensive myocardial networks localized on top and into
the collagen gel around the entire explant.
Copyright © 2001 by Academic Press. All rightThe results were statistically analyzed by using a Kruskal Wallis
nonparametric ANOVA followed by a multiple comparison of
groups. For both tests, a significance level of 0.05 was used. Only
differences that were statistically significant are mentioned as such
in Results.
RESULTS
After fusion of the paired mesodermal heart fields, a
primary heart tube is formed that comprise an outer layer of
cardiomyocytes and an inner layer of endocardium that is
separated by cardiac jelly (Fig. 1A). At the distal ends of the
tube, the myocardium is extended, resulting in the forma-
tion of the myocardial distal OFT (truncus) and the muscu-
lar mantle around the caval and pulmonary veins. Upon
looping, the right and left atria and ventricles balloon out
from the primary heart tube by local differentiation and
proliferation at the outer curvature. What remains to be
septated is the remnant of the primary linear heart tube that
is covered by endocardial cushions and ridges. However, in
the formed heart, most septa appear not to be mesenchymal
but are myocardial. Recently, we have described the role of
myocardialization in the formation of the muscular outlet
septum (van den Hoff et al., 1999). Here, we focus on the
contribution of recruitment of cardiomyocytes form mes-
enchymal cells during the second wave of myocardium
formation in the more upstream parts of the heart. To this
end, serial sections of staged chicken embryos were immu-
nohistochemically stained by using a monoclonal antibody
directed against myosin heavy chain (MF20) to delineate
myocardial from nonmyocardial cells. For the sake of clar-
ity, we have divided the morphological description into
three parts, being the initiation (Fig. 1), ongoing (Fig. 2), and
completion (Fig. 3) of second wave of myocardium forma-
tion.
Initiation of the Second Wave of Myocardium
Formation in Vivo (Fig. 1)
At H/H16 (Fig. 1A), the cardiomyocytes of all cardiac
compartments are still in an epithelial context. In the sinus
venosus (SV), myosin staining is strongest at the sinuatrial
fold (saf) and tapers off in upstream direction, suggesting
that at the distal border cardiomyocytes are still being
recruited to the cardiogenic lineage from the mesoderm. At
H/H19, at the distal myocardial border of the VP, myocar-
dial protrusions can be observed from the flanking myocar-
dium into the mesenchyme of the dorsal mesenchymal
protrusion, also known as spina vestibula, and dorsal me-
socardium (dm) (Fig. 1B). At H/H21 (Fig. 1C), the cardio-
myocytes flanking the dorsal mesenchymal protrusion and
the dorsal mesocardium have formed a network within this
mesenchyme. At H/H25, these networks have expanded
and can be observed in the walls of the caval veins and in
the area of the dorsal mesocardium where the pulmonary
vein is developing (Fig. 1D). In the AVC, mesenchymal cells
have extensively populated the cushions and the border of
their flanking myocardium is smooth at H/H25 (Fig. 1E). At
s of reproduction in any form reserved.
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64 van den Hoff et al.H/H26, the interface between the myocardium and mesen-
chyme in both the ventral and dorsal cushion is smooth,
whereas myocardial protrusions are present in the lateral
cushions (Fig. 1F).
Ongoing of the Second Wave of Myocardium
Formation in Vivo (Fig. 2)
At H/H28 (Figs. 2A–2D), when the descending atrial
FIG. 1. Onset of secondary cardiomyogenesis in the venous pole
micrographs of immunohistochemically stained sections of staged
antibody (MF20) recognizing myosin heavy chain. It is shown tha
distal border of the venous pole that is flanked by the mesenchyme
canal, the first myocardial protrusions are identified in the lateral c
F) An overview of the heart is shown in the lower left corner. The b
arrows point to myocardial protrusions.septum and the dorsal and ventral AVC cushions have t
Copyright © 2001 by Academic Press. All rightused, extensive myocardial protrusions have formed from
he AVC myocardium, the top of the interventricular sep-
um, and the myocardial core of the atrial septum into the
anking mesenchyme (Figs. 2C and 2D). At this stage,
yocardial protrusions were still present into the mesen-
hyme of both lateral AVC cushions (Figs. 2B and 2G), but
ad not formed myocardial networks. From H/H26 to
/H32, extensive networks of loosely arranged cardiomyo-
ytes are present at the most distal border of the VP, where
atrioventricular canal in the developing chicken heart. Normaski
cken embryos. All sections were incubated with the monoclonal
stage H/H19 onward, myocardial protrusions are present at the
he dorsal mesocardium and spina vestibuli. In the atrioventricular
ns at H/H26. (A–D, F) Frontal sections. (E) A sagital section. (B–D,
area in this overview indicates the region of the shown detail. Theand
chi
t from
of t
ushio
oxedhe myocardium flanks the dorsal mesocardium. As an
s of reproduction in any form reserved.
65The Second Wave of Myocardium FormationFIG. 2. Ongoing secondary cardiomyogenesis in the venous pole and atrioventricular canal in the developing chicken heart. Normaski
micrographs of immunohistochemically stained sections of staged chicken embryos. All sections were incubated with the monoclonal
antibody (MF20) recognizing myosin heavy chain. (A) An overview of an H/H28 chicken heart. The boxed areas in (A) are shown in (B–D).
(B) Myocardial protrusions in the left lateral cushion. (C, D) Myocardial networks that contribute to the formation of the myocardial
atrioventricular septum that is going to connect the interatrial and interventricular septum. (E) An overview of an H/H30 chicken heart.
The boxed areas in (E) are shown in (F–H). (F) Loosely arranged cardiomyocytes in the dorsal mesocardium flanking the left caval vein. (G)
The loosely arranged cardiomyocytes that comprise the myocardial atrioventricular septum and myocardial protrusions in the right lateral
AVC cushion. (H) The myocardial networks in the dorsal mesocardium in the region where the pulmonary vein is present.
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66 van den Hoff et al.example, we show the myocardial networks at the VP in a
chicken of H/H stage 30 (Figs. 2E–2H). In the mesenchyme
flanking both the left and right cardinal veins (Fig. 2F),
extensive loosely arranged networks of cardiomyocytes are
observed that contribute to the myocardial mantle of these
veins. In the dorsal mesocardium at the left site of the atrial
septum, i.e., where the pulmonary veins are located, exten-
sive myocardial networks are present (Fig. 2H). In the AV
junction, the initially mesenchymal AV septum, located
between the left and right atrioventricular orifices, is be-
coming completely myocardial. The cardiomyocytes in the
AV septum are loosely arranged cardiomyocytes at this
stage (Fig. 2G). It should be noted that networks of such
loosely arranged cardiomyocytes were never observed in the
working myocardium of the atrial appendages and the
ventricular chambers at any of the developmental stages
analyzed.
Completion of the Second Wave of Myocardium
Formation in Vivo (Fig. 3)
The AV septum of the H/H stage-35 chicken heart is
entirely myocardial and forms a myocardial connection
between the atrial and ventricular septum (Fig. 3A). At this
stage, the developing AV valve at the left side of the heart,
the mitral valve, is completely mesenchymal (Fig. 3B),
whereas at the right side cardiomyocytes are protruding
into the mesenchyme of the valve leaflets of the tricuspid
valve (Fig. 3C). At H/H39, the tricuspid valve is completely
myocardial whereas the mitral valve has remained com-
pletely mesenchymal (data not shown). At H/H43, the
loosely arranged cardiomyocytes that were observed in the
mesenchyme flanking the distal border of the VP were not
present anymore. Instead, myocardium is found around the
inferior caval vein that reaches to the margin of the liver
(Figs. 3D–3F). Myocardium surrounding the right superior
caval vein is present up to the level where the subclavian
vein drains (Figs. 3E and 3F). Myocardium surrounding the
left superior caval vein extends slightly distal to the site
where the azygous vein drains (Fig. 3D). A myocardial
mantle surrounding the common pulmonary vein is found
which tapers off after the bifurcation into the left and right
pulmonary veins (Figs. 3E and 3F).
In Vitro Explant Assays: The Different Cardiac
Compartments (Fig. 4)
So far, our in vivo studies have not revealed significant
ifferences in the morphology of the cardiomyocytes con-
ributing to the second wave of myocardium formation in
he OFT, AVC, and VP. To assess whether upstream cardiac
ompartments are capable of forming myocardial networks
n vitro, we explanted isolated cardiac compartments and
ssayed whether they have the capacity to form myocardial
etworks into a collagen matrix. Culturing cardiac explants
f the VP, atrial appendages, AVC, left ventricle, and OFT of
/H25–H/H27 chicken hearts, we observed in daily inspec-ions using Varel modulation optics that endocardial cells
Copyright © 2001 by Academic Press. All rightrow out of the explants on top of the collagen matrix. In
he cultures of the VP, AVC, and OFT, large amounts of
esenchymal cells are observed to develop in the collagen
atrix below the endocardial cells. In the atrial appendages
nd left ventricle explants it seems that only limited
mounts of mesenchymal cells are present; however, it is
ot clear whether these reduced numbers are due to the fact
hat the explants are in general smaller or that they are less
fficiently formed. Although in bright-field microscopical
nspections myocardial protrusions can sometimes be iden-
ified (see Fig. 4A), immunohistochemical visualization of
he cardiomyocytes using the confocal laser-scanning mi-
roscope (CLSM) allows the unambiguous identification of
yocardial networks into the collagen matrix. These net-
orks are generally contiguous with the original VP, AVC,
r OFT explant (Figs. 4E, 4F, and 4H–4K). The myocardial
order of the ventricular (Fig. 4G) and atrial appendage
xplants was generally found to be smooth. However, in
ome instances, myocardial protrusions were observed that
ad grown out of the explants but had remained on the
urface of the collagen matrix. Comparison of myocardial
etworks formed in vitro using explants isolated from the
espective cardiac compartments shows many resem-
lances, suggesting that a similar mechanism regulates
yocardium formation at both the arterial and venous pole
f the heart. As we do not observe isolated cardiomyocytes
ithin the mesenchymal cell population in our in vitro
ultures, it is unlikely that the cardiomyocytes are derived
rom differentiation of mesenchyme into cardiomyocytes.
owever, it cannot be excluded that mesenchymal cells
ifferentiate into cardiomyocytes when they are in direct
ontact with existing flanking cardiomyocytes. The techni-
al approach used in this study does not allow discrimina-
ion between both mechanisms. Such cell-fate studies will
e pursued in forthcoming studies.
In Vitro Explant Assays: The Developmental
Window (Fig. 6)
To further uncover the characteristics of the formation of
myocardial networks in VP and AVC explants, we deter-
mined the developmental window between H/H14 and
H/H33 for spontaneous formation of myocardial networks
of these cardiac compartments in vitro. Since during this
developmental period the morphology of the heart changes
dramatically, a set of scanning electron microscopical pic-
tures was prepared (Fig. 5) in which we indicated which part
was included in the different cultures from the different
developmental stages.
Daily inspection of these explant cultures showed that
endocardial and mesenchymal cells grow out of the ex-
plants, on and into the collagen matrix, respectively. The
amount and extent of this outgrowth seems to be directly
related to the size of the initial explants rather than to the
developmental stage, though in cultures from atrial append-
age explants, limited numbers of mesenchymal cells were
present. In some instances, beating cells could already be
observed adjacent to the initial explant after the second day
s of reproduction in any form reserved.
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67The Second Wave of Myocardium Formationof culture. To be able to unambiguously identify the myo-
cardial networks in the collagen gel, we cultured the
explants for 5–7 days and stained the cardiomyocytes im-
munofluorescently. We were not able to follow the cultures
for longer periods because, partly due to the vigorous
contraction of the older explants, the collagen gels tend to
collapse, which prevents their further analysis.
Analyzing the extent of the myocardial networks that
were formed in VP explants ranging from H/H14 up to
H/H33 (Fig. 6) showed that, in all stages tested, extensive
myocardial networks were formed from a restricted area of
the explant (score 3). These myocardial networks are essen-
tially similar to the examples shown in Fig. 4. In neither of
these explant cultures were individual cardiomyocytes lo-
cated in the mesenchyme. As the atrial appendages do not
demonstrate significant spontaneous myocardial network
formation in vitro (predominantly score 0) (Fig. 6), the VP
explants that include the atrial appendages, cannot form
myocardial networks all around the explant (score 4). In
about one-fifth of all atrial appendage explants analyzed,
protrusions of individual or small groups of cardiomyocytes
were observed that had grown out of the explant onto the
surface of the collagen gel (score 1 and 2). Evaluation of
AVC explants in vitro showed that the myocardial border of
AVC explants remained smooth until H/H24, after which
myocardial ramifications into the collagen matrix were
formed.
Induction of Myocardium Formation
by Conditioned Media (Fig. 7)
We previously reported that, under standard culture con-
ditions, H/H16 OFT explants are not able to spontaneously
form myocardial networks into a collagen matrix. However,
these early OFT explants are already competent, because
media conditioned by late OFTs, which had formed exten-
sive myocardial networks, can induce the formation of
myocardial networks. Furthermore, left ventricle explants
were not found to be competent and conditioned media
derived from late left ventricles were not able to influence
the formation of myocardial networks (van den Hoff et al.,
1999). Since the AVC explants acquire in a similar way as
OFT explants the capacity to spontaneously form myocar-
dial networks during development, we wondered whether
early AVC explants like early OFT explants are competent
to form myocardial networks but do not do so due to
absence of the proper factors. To this end, we cultured OFT
and AVC explants ranging in developmental stage from
H/H14 up to H/H24 in standard culture medium and
different conditioned media.
AVC explants up to H/H24 do generally not spontane-
ously form myocardial networks into the collagen gel,
whereas OFT do so from H/H21 onward. The different
explants were cultured in diluted conditioned media pre-
pared from H/H25 to H/H27 AVC, OFT, and VP explants
that form extensive myocardial networks in vitro and in
diluted conditioned medium derived from H/H25–H/H27
left ventricle explants that do not form myocardial net-
Copyright © 2001 by Academic Press. All rightorks (negative control). The conditioned medium derived
rom late AVC explants did not induce the formation of
yocardial protrusions or networks in H/H14–H/H15 AVC
r OFT explants, whereas myocardial protrusions were
bserved when H/H16–H/H17 AVC or OFT explants were
ested. Culturing H/H21–H/H24 AVC explants in this con-
itioned medium even resulted in the formation of exten-
ive myocardial networks. H/H21–H/H24 OFTs were not
ested as they are already able to spontaneously form
yocardial networks, and we are not able to quantify the
xtent of the myocardial networks, as yet. Performing a
imilar assay but now with late OFT conditioned medium
howed essentially the same results, with the exception
hat this conditioned medium was also able to induce the
remature formation of myocardial networks in H/H14–H/
15 OFT. Conditioned medium derived from the VP was
ble to induce premature formation of myocardial networks
f H/H16–H/H17 AVC and OFT explants, whereas condi-
ioned medium derived from left ventricle was unable to do
o. Taken together these observations show (1) that OFTs at
ll developmental stage are competent to form myocardial
etworks provided the proper signals are present, (2) that
he AVC acquires the competency to form myocardial
etworks between H/H15 and H/H16, and (3) that the
ignal transduction pathway regulating the formation of
yocardial networks is suggested to be similar at the
rterial and venous pole of the heart.
Involvement of Recruitment in the Second Wave
of Myocardium Formation (Fig. 8)
To assess whether the myocardial networks are formed
by existing cardiomyocytes that migrate into the collagen
matrix or by mesenchymal cells that differentiate into
cardiomyocytes, we initiated H/H25–H/H26 OFT ridges
cultures. Immunofluorescent staining of these explants
after 1 or 5 days of culture (Fig. 8A) showed hardly any
cardiomyocytes (Fig. 8B) in 80% of these cultures (Fig. 8C)
whereas many endocardial and mesenchymal cells were
present in all explants analyzed. The presence of cardio-
myocytes in these cultures might be due to contamina-
tions, but is more likely due to endogenous activation, i.e.,
mesenchymal cells have already been induced to (trans-)-
differentiate into cardiomyocytes. When these OFT ridge
explants were cocultured for 5 days in the presence of an
H/H25–H/H27 OFT, comprising myocardium, epicardium,
and ridge mesenchyme, in more than half of the ridge
mesenchyme explants, a field of cardiomyocytes had
formed (Figs. 8C and 8D). The H/H25–H/H27 OFT had
normally seeded endocardial cells and mesenchymal cells,
and had formed a myocardial network into the collagen
matrix (c.f. Figs. 4I–4N). It is highly unlikely that the field
of cardiomyocytes found in the OFT ridge mesenchymal
explant in the coculture experiments is derived from the
late OFT, as both explants were positioned a few millime-
ters apart on the collagen matrix. Preliminary observations
seem to suggest that formation of cardiomyocytes in the
s of reproduction in any form reserved.
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68 van den Hoff et al.FIG. 3. Completion of secondary cardiomyogenesis in the venous pole and atrioventricular canal of the developing chicken heart.
ormaski micrographs of immunohistochemically stained sections of staged chicken embryos. All sections were incubated with the
onoclonal antibody (MF20) recognizing myosin heavy chain. (A) An overview of an H/H35 chicken heart. The boxed areas in (A) are
hown in (B) and (C). (B) The mitral valve that has remained mesenchymal. (C) The tricuspid valve in which the mesenchyme is almost
ompletely replaced by myocardium. (D–F) The extent of the myocardial mantles that have formed in the wall of the caval and pulmonary
eins of an H/H43 chicken embryo. (D–F) The same embryo with a spacing of 300 mm between (D) and (E) and 100 mm between (E) and (F).Note that the myocardium of the inferior caval vein abruptly stops when the caval vein enters the liver.FIG. 4. Characteristic examples of the extent of cellular outgrowth of the different cardiac compartments taken from H/H25–H/H27 chicken
embryos. (A–C) The venous pole after 5 days of culture. (D–F) The atrioventricular canal. (G, F) The left ventricle. (I–N) The outflow tract. (A, D, G, I)
Varel modulation micrographs taken at the end of the culture period. All Varel modulation micrographs are taken at the same magnification (53).
ote that in all cultures endocardial and mesenchymal cells have populated the collagen matrix, and that in (A) at the top of the initial explant
darkest part) myocardial protrusions can be identified whereas in (D), (G), and (I) no myocardial protrusions can be seen. To establish whether
yocardial protrusions are present, a specific cell marker is essential. (B, C, E, F, H, J–L) Brightest point projections of CLSM stacks of the
espective explants after immunofluorescently staining of the myocytes using the monoclonal antibody MF20. (B, E, J) Taken at a magnification
f 53 and the boxed areas are shown in the adjacent panels (F, H, and K: 103 magnification; and C, L, and M: 203 magnification). Note that
rrespective of the cardiac compartment cultured, the myocardial networks that have formed in the collagen matrix resemble each other closely.
o illustrate that not all cells in the collagen matrix stain with MF20 and that isolated individual myocytes are not present in the mesenchyme,
he outflow tract explants were not only stained with MF20 to identify the myocytes (J–L), but also with propidium iodine to identify all nuclei
M). (N) The merged images of (L) and (M), illustrating that nuclei of no MF20-stained cells are present around the myocytes (MF20 stained).
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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Copyright © 2001 by Academic Press. All rightOFT ridge mesenchymal cultures decreases by increasing
the initial distance between the two explants.
Taken together, these observations indicate that ridge
mesenchymal cells can be recruited to (trans-)differentiate
into cardiomyocytes, provided the proper signals are
present.
DISCUSSION
The primary heart tube develops from the splanchnic
mesoderm of the cardiac crescent. During subsequent car-
diac development, cardiac muscle cells are added to the
heart tube at both the venous and arterial pole, and the
mesenchymal cushion tissue becomes largely muscular.
This second wave of myocardium formation has been an
underexposed issue so far.
Caudo-Cranial Gradient in the Second Wave
of Myocardium Formation in Vivo
Immunohistochemical analysis of sections of staged
chicken embryos using a monoclonal antibody (MF20)
directed against myosin heavy chain not only identified
networks of loosely arranged cardiomyocytes in the form-
ing muscular outlet septum but also at the VP and AVC.
These observations are in agreement with earlier studies
(Buell, 1922; Nathan and Gloobe, 1970; Chin et al., 1992;
Endo et al., 1992; Jones et al., 1994; van den Hoff et al.,
1999). The myocardial protrusions appear in the flanking
mesenchymal tissues in a caudo-cranial gradient. The first
myocardial ramifications are identified at the border be-
tween the myocardium and the dorsal mesocardium at
H/H19, subsequently at the myocardial borders flanking
the endocardial cushions of the AVC at H/H26, and even-
tually at the myocardial borders flanking the endocardial
ridges in the OFT at H/H28 (see Fig. 1 and van den Hoff et
al., 1999). As a result of this relatively late process of
myocardium formation, the following myocardial struc-
tures have been added to the initial heart tube: (1) the
pulmonary and caval myocardium, (2) the smooth-walled
atrial myocardium, (3) the myocardial atrioventricular sep-
tum, (4) the muscular tricuspid valve, (5) the muscular
outlet septum, and (6) the distal outflow tract (truncus). It
should be noted that in chicken the extent of pulmonary
myocardium into the lungs is very limited compared to
mammals, and, secondly, that in mammals the tricuspid
valve remains mesenchymal.
the in vitro analysis. (A, B) A ventral and dorsal view, respectively,
f a heart of H/H stage 16; (C, D) H/H stage 21; (E, F) H/H stage 24;
G, H) H/H stage 27; (I, J) H/H stage 29. On each micrograph, the
ines indicate the edges where the different compartments are cut
o isolate the respective parts assayed in the in vitro secondaryFIG. 5. Scanning electron microscopical images showing charac-
ardiomyogenesis assay.
s of reproduction in any form reserved.
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of Myocardium Formation
As a first attempt to approach the underlying molecular
mechanisms that are responsible for the induction and
regulation of this relative late process of myocardium
formation, we have used a previously developed in vitro
explant culture assay (van den Hoff et al., 1999). In this
assay, different cardiac compartments of various develop-
mental stages are cultured on thick collagen matrices. In
these cultures, endocardial and mesenchymal cells are
formed, and myocardial ramifications are formed on and
into the adjacent collagen matrix, provided the proper
compartments and stages are cultured. The capacity to form
myocardial networks in vitro was found to be developmen-
tal stage and cardiac compartment specific. Explants taken
from the atrial appendages (Fig. 6) or left ventricle (van den
Hoff et al., 1999) formed hardly any myocardial protrusions
at either of the developmental stages analyzed. These
observations are in line with the in vivo finding that
myocardial networks are never observed in the forming
working myocardium of the atria and ventricles. Further-
more, we found that explants taken from the working
myocardium of both the atria (data not shown) and ven-
tricles (van den Hoff et al., 1999) are never competent of
forming myocardial networks in vitro. On the other hand,
explants taken from the VP spontaneously form myocardial
networks from the earliest stages analyzed (H/H14) onward,
AVC explants from H/H 25 onward, and OFT explants from
H/H21 onward (Figs. 6 and 7).
The capacity of the AVC explants to spontaneously form
myocardial networks in vitro develops relatively late. One
could speculate that in the AVC, besides inducing, also
inhibitory activities of secondary cardiomyogenesis are
present, owing to the fact that in this region the mitral
valve remains mesenchymal, whereas the tricuspid valve
and the atrioventricular septum become myocardial. In
line, early AVC explants that do not spontaneously form
myocardial networks are competent to do so (Fig. 7). In
addition, AVC conditioned medium was found to be a less
potent inducer of myocardial networks in early OFT ex-
plants than late OFT conditioned medium.
The Mechanism Underlying the Second Wave
of Myocardium Formation
The mechanisms underlying the formation of the myo-
cardial structures after the development of the initial linear
heart tube are not yet clear. Our analysis of the second wave
of myocardium formation revealed that newly formed myo-
cardial networks are always contiguous with the flanking
myocardium both in vivo (Figs. 1–3) and in vitro (Fig. 4);
isolated cardiomyocytes were never observed in the mesen-
chyme. These observations do not allow discrimination of
myocardialization versus recruitment as the mechanisms
underlying the second wave of myocardium formation.
They do, however, suggest that either a secreted myocardial
factor is involved that functions in close proximity or that
Copyright © 2001 by Academic Press. All righta direct interaction between mesenchyme and myocardium
is essential. Both mechanisms may operate in parallel. It is
FIG. 6. Developmental window of in vitro secondary cardiomyogen-
esis of the venous pole, atrial appendages and atrioventricular canal
explants. The extent of myocardial network formation in 1.5 mg/ml
collagen gels by venous pole, atrial appendages and atrioventricular
canal explants between stage H/H14 and H/H33 (x-axis) was assessed
after 5 days in culture as described in Materials and Methods. On the
y-axis, the extent of the formed myocardial networks is expressed in
arbitrary units. Each point in the graph is based on the analysis of a
separate in vitro experiment. When too many data points were
present, a box indicating the number of assayed explants is indicated.observed that the myocardium flanking the intra- and
s of reproduction in any form reserved.
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72 van den Hoff et al.extracardiac mesenchyme is initial smooth and forms then
myocardial protrusions into the adjacent mesenchyme (mi-
gration). Instead of actively migrating into the mesen-
chyme, these cardiomyocytes may recruit neighboring mes-
enchymal cells to differentiate into cardiomyocytes. This
latter hypothesis unifies both myocardialization and re-
cruitment into one mechanism.
At the arterial pole, the heart is elongated by the forma-
tion of the myocardial mantle of the distal OFT (truncus). A
growing body of evidence suggests that the origin of these
added cardiomyocytes is the result of differentiation of
splanchnic mesoderm from the anterior heart field located
in the posterior wall of the aortic sac (De la Cruz and
Sanchez-Gomez, 1999; Mjaatvedt et al., 2001). The bound-
aries of the anterior heart field have not yet been fully
delineated.
At the venous pole of the heart, the newly formed
myocardium contributes to the caval, pulmonary, and
smooth-walled atrial myocardium (Jones et al., 1994; De la
ruz and Sanchez-Gomez, 1999; Gerety and Watanabe,
FIG. 7. Conditioned medium induces in vitro formation of myo
prepared from different compartments of the chicken heart at H/H
outflow tract (B) explants ranging in developmental stage from H/H
or 100- (triangles) fold in standard M199 medium supplemented wi
and streptomycin (circles). On the y-axis, the extent of the formed
graph is based on the analysis of a separate in vitro experiment.997; Webb et al., 1998; Wessels et al., 2000; Millino et al.,
Copyright © 2001 by Academic Press. All right000; Franco et al., 2000). To what extent both mechanisms
re operational in this second wave of myocardium forma-
ion in the different compartments is still uncertain. Based
n electron microscopical analyses of the cells at the distal
nds of the myocardium, it was suggested that at the
enous pole cardiomyocytes locally differentiate from mes-
nchyme, implying that cardiac muscle cells are added to
he heart (recruitment) (Vira´gh and Challice, 1973; De la
ruz et al., 1977; De la Cruz and Sanchez-Gomez, 1999).
eminiscent to the anterior heart field such an area at the
enous pole could be dubbed the “posterior heart field.”
owever, based on the detailed analysis of the expression
attern of alpha-myosin heavy chain (aMHC) mRNA, it
was suggested that the cardiomyocytes in the pulmonary
and caval veins originate from existing atrial myocardium
(Jones et al., 1994), i.e., myocardialization. In line, the
analysis of transgenic mice, in which the lacZ gene was
driven by a truncated Troponin I promoter, suggested that
cardiomyocytes originating from the atria populate an ini-
tially formed primitive venous network in the lung paren-
ial networks. The inducing capacity of conditioned media (CM)
H/H27 (top of figure) was tested on atrioventricular canal (A) and
H/H24 (x-axis). The conditioned media were diluted 10- (squares)
sulin, transferrin, and selenium, 1% chicken serum, and penicillin
cardial networks is expressed in arbitrary units. Each point in thecard
25–
14 to
th in
myochyma comprising smooth muscle and endothelial cells
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73The Second Wave of Myocardium Formation(Millino et al., 2000). Nevertheless, it is difficult to envision
that cardiomyocytes from the venous pole actively migrate
into the lung down to the fourth branching of the pulmo-
nary veins in mice.
Recruitment of mesenchymal cells into the cardiogenic
lineage is not limited to the elongation of the heart tube at
its distal ends, but also contributes to the formation of the
septa derived from the fusing endocardial cushions. Cul-
tures of cushion mesenchyme were found to contain hardly
any cardiomyocytes when immunofluorescently stained
FIG. 8. Mesenchymal cells of the OFT ridges can be induced
icrograph of an entire H/H25–H/H26 OFT ridge mesenchymal exp
FT mesenchymal ridge explants between control and coculture e
dentified. (B) A typical example of a ridge mesenchyme explant cu
ardiomyocytes that are found in the OFT ridge mesenchyme
yocardium, ridge mesenchyme, and epicardium. In (C), the result
ocultures (black bars), are summarized. In both the control and th
roups, containing no cardiomyocytes, 1–5, and 6–10 cardiomyocywith MF20 after 1 or 5 days of culture (Fig. 8). When these t
Copyright © 2001 by Academic Press. All rightushion mesenchyme explants were cocultured in the pres-
nce of a late cardiac explant, comprising myocardium,
picardium, and endocardial cushions, more than half of
hese mesenchyme cultures had formed a field of cardio-
yocytes. These observations suggest that mesenchymal
ells from the cushions are able to differentiate into cardio-
yocytes, provided the proper signals are present. Although
e do not have any clues on the nature of the signals, bone
orphogenetic proteins and/or fibroblast growth factors
ight be promising candidates, as evidence is accumulating
rans-)differentiate into cardiomyocytes. (A) A Varel modulation
Using bright-field elimination, no differences were observed in the
ments, although in cocultures often a contracting region could be
in which a few cardiomyocytes are identified. (D) A field of many
nt when cocultured with a H/H25–H/H27 OFT, comprising of
44 individual explant experiments, 23 controls (white bars) and 21
ulture groups, the mesenchymal explants were classified into four
r a field of cardiomyocytes. The bar in (A), (B), and (D) is 300 mm.to (t
lant.
xperi
lture
expla
s of
e cochat they are of crucial importance in the regulation verte-
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74 van den Hoff et al.brate cardiogenesis (Parlow et al., 1991; Schultheiss and
assar, 1999; Schlange et al., 2000; Barron et al., 2000). We
re currently pursuing this hypothesis.
Another question that arises is which cell type of the
ushion mesenchyme (trans-)differentiates into cardiomyo-
ytes. Cushion mesenchyme is derived from the endocar-
ium, cardiac neural crest, and epicardium. The endocardi-
lly derived mesenchyme is the most likely population to
trans-)differentiate into cardiomyocytes, because quail-to-
hick chimeras tracing the fate of the pro-epicardium (Dett-
an et al., 2001; Ma¨nner, 1999) or the cardiac neural crest
Waldo et al., 1998) have never shown to contribute quail
ells to the cardiomyocyte lineage of the heart. In this
ontext, it is also important to appreciate the developmen-
al origin of endocardial-derived mesenchymal cells in the
eart. From the cardiogenic splanchnic mesoderm, cardio-
yocytes differentiate as well as endocardial cells (Linask
t al., 1997), which temporally express both endocardial and
yocardial markers (de Jong et al., 1987; Wunsch et al.,
994). Subsequently, a subpopulation of the endocardial
ells, lining the endocardial swellings, transform into cush-
on mesenchyme (Markwald and Wessels, 2001). We have
ow demonstrated that part of this mesenchyme can differ-
ntiate into cardiomyocytes. In fact, this is reminiscent to
he mesenchymal cells that differentiate into myocardium
t the extremities of the cardiac tube. These cells are also of
planchnic mesodermal origin (Vira´gh and Challice, 1973;
e la Cruz et al., 1977; De la Cruz and Sanchez-Gomez, 1999).
The muscularization of the endocardial cushions of the
FT and AVC regions seems to be more complex. In the
egulation of myocardialization of the OFT, a role of neural
rest cells seemed attractive. First, OFT explants spontane-
usly form myocardial networks from H/H21 onward,
hich correlates in time with the arrival of cardiac neural
rest cells in the OFT (Kirby, 1999). Secondly, precocious
yocardial network formation can be induced in early
FTs by using conditioned medium derived from the mes-
nchymal distal OFT that mainly comprises cardiac neural
rest cells (van den Hoff et al., 1999). Cardiac neural crest
blation experiments in chickens result in OFT abnormali-
ies (Kirby, 1999), and in the Trisomy 16 mouse, aberrant
yocardialization is observed in relation to abnormal inva-
ion of neural crest cells into the arterial pole of the heart
Waller et al., 2000).
Interestingly, OFT banding of the embryonic chicken
eart leads to a range of abnormalities among which aber-
ant myocardium formation in the tricuspid valve without
ffecting the formation of the myocardial AVC septum
Sedmera et al., 1999), suggesting that both myocardializa-
ion and recruitment are operational in the developmental
f the atrioventricular junction. In chicken, the parietal
FT ridge extends via the inner curvature into the AVC (de
ong et al., 1997), allowing OFT cushion mesenchyme to
ontribute to the mesenchymal component of the AVC.
FT banding seems to hamper the invasion of neural crest
ells into the heart, not only resulting in a range of OFT
bnormalities but also reduces the already limited contri-
Copyright © 2001 by Academic Press. All rightution of neural crest cells to the AVC (Kirby, 1999;
oelmann and Gittenberger-de Groot, 1999; Sohal et al.,
999; Poelmann et al., 2000). Subsequently, the reduced
ontribution of neural crest cells to the AVC cushions may
ead to aberrant myocardialization and as a consequence the
ricuspid valve remains mesenchymal. This conclusion is
n line with (1) the above discussed observations on the
ormation of the muscular outlet septum, (2) the observa-
ion that AVC explants form relatively late myocardial
etworks in vitro (Fig. 6) compared to OFT explants (Fig.
B), and (3) that conditioned medium derived from late
FTs is able to induce precocious network formation in
arly AVC explants in vitro (Fig. 7A).
Assuming that the OFT banding experiments (Sedmera et
l., 1999) reduce the neural crest cell contribution, they are
ardly involved in recruitment of cardiomyocytes from
esenchyme, because the myocardial AVC septum forms
ormally. This is corroborated by the observations that (1)
xplants of the VP do form myocardial networks in vitro
orm H/H14 onward (Fig. 6) and (2) cardiomyocytes differ-
ntiate in explant cultures of the mesenchymal H/H16
ortic sac (Mjaatvedt et al., 2001). It is very unlikely that
eural crest cells influence the differentiation of cardio-
yocytes in these explants because the neural crest cells
nly start to invade the arterial pole at H/H21 and have not
een reported to invade the heart at the venous pole in
ignificant amounts (Kirby, 1999; Poelmann and Gitten-
erger-de Groot, 1999; Sohal et al., 1999).
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